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ABSTRACT
With the launch of SDO, many EUV waves were observed during solar eruptions. However, the
joint observations of Moreton and EUV waves are still relatively rare. We present an event that a
small-scale filament eruption simultaneously results in a Moreton wave, an EUV wave and a Coronal
Mass Ejection in active region NOAA 12740. Firstly, we find that some dark elongate lanes or fila-
mentary structures in the photosphere existed under the small-scale filament and drifted downward,
which manifests that the small-scale filament was emerging and lifting from subsurface. Secondly,
combining the simultaneous observations in different Extreme UltraViolet (EUV) and Hα passbands,
we study the kinematic characteristics of the Moreton and EUV waves. The comparable propagat-
ing velocities and the similar morphology of Moreton and different passbands EUV wavefronts were
obtained. We deduce that Moreton and different passbands EUV waves were the perturbations in dif-
ferent temperature-associated layers induced by the coronal magneto-hydrodynamic shock wave. We
also find the refracted, reflected and diffracted phenomena during the propagation of the EUV wave.
By using power-law fittings, the kinematic characteristics of unaffected, refracted and diffracted waves
were obtained. The extrapolation field derived by the potential field source surface (PFSS) model
manifests that the existence of an interface of different magnetic system (magnetic separatrix) result
in refraction, reflection and deviation of the EUV wave.
Keywords: Sun:fare, Sun:evolution, Sun:activity
1. INTRODUCTION
As is well known, coronal mass ejections (CMEs) and
flares are the most spectacular manifestations of solar
activity, which result from rapid change in the coronal
magnetic field. They have a close relationship with the
filament eruptions and coronal jets (e.g., Munro et al.
1979; Zhang et al. 2001; Al-Omari et al. 2010; Zheng et
al. 2016, 2017; Wang et al. 2017; Yan et al. 2017). Either
filament eruptions or coronal jets are generally consid-
ered to be the initial sources of these energetic events
(Raouafi et al. 2016; Hong et al. 2017). Many obser-
vations and numerical computations/simulations show
that magnetic reconnection plays a key role in these en-
ergetic releasing processes of the flares and CMEs (e.g.,
Parker 1963; Low 1996; Lin & Forbes 2000; Mei et al.
2012a; Xue et al. 2016; Yan et al. 2018). On the other
hand, these violently energetic events are often accom-
panied with many additional solar activities (e.g., rear-
rangements of magnetic fields, solar energetic particles,
shocks, radio bursts, and chromospheric or coronal per-
turbations like Moreton or EUV waves), which show a
significant influence on the solar atmosphere (Kozarev
et al. 2011; Shen et al. 2018; Xu et al. 2019).
Moreton waves are flare-associated phenomena, which
were first reported about 60 years ago (Moreton 1960;
Moreton, & Ramsey 1960), propagating in restricted an-
gles with speeds of 500-1500 km s−1 and observed in
chromospheric spectral lines (typically in Hα and He I
10830 A˚) (Athay & Moreton 1961; Vrsˇnak et al. 2002;
Warmuth et al. 2004; Balasubramaniam et al. 2010; Liu
et al. 2013). They often appear as arc-shaped fronts
propagating away from the flaring active region that last
for only several minutes and become irregular and dif-
fuse. In the remote region, they often cause the acti-
vation or “winking” of filaments (Tripathi et al. 2009;
Asai et al. 2012). Uchida (1968) explained them as the
enhancing signatures in chromospheric spectral line’s
emission when the coronal wavefront of the shock pro-
duced by a coronal fast-mode shock wave sweeps the
chromosphere. Uchida’s interpretation has been widely
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2accepted, but the coronal counterpart of Moreton wave
is under debate for a few decades. Especially, it is rarely
observed the Moreton waves even in the large flares.
Another wave-like perturbations associated with so-
lar flares in the corona, coronal bright fronts (CBFs),
were first discovered in EUV band images by using the
observation from the Extreme-ultraviolet Imaging Tele-
scope (EIT; Delaboudinie`re et al. 1995) onboard the So-
lar and Heliospheric Observatory (SOHO; Domingo et
al. 1995), and also were named EIT waves (Moses et al.
1997; Thompson et al. 1998), which were expected to
be the coronal counterpart of the Moreton waves. Un-
fortunately, they show different physical characteristics
from the Moreton waves. They propagate across solar
surface at velocity of about 200-400 km s−1 which is
much slower than that of the Moreton wave. Their life-
time is much longer than that of Moreton wave which
is about 45-60 minutes (Klassen et al. 2000; Thompson,
& Myers 2009). Otherwise, they are also found to ex-
perience reflection and refraction, while they have been
observed to remain stationary at the boundary of coro-
nal holes (Thompson et al. 1998; Tripathi, & Raouafi
2007; Xue et al. 2013). Owing to these discrepancies
between the EIT waves and Moreton waves, it is hard
to evidence that the EIT waves are the coronal counter-
parts of Moreton waves. On the other hand, the nature
of EIT waves is also still under debate. Different mod-
els have been proposed to give an interpretation of EIT
waves, which include fast-mode magnetoacoustic wave
model (Wang 2000; Ofman & Thompson 2002; Ballai et
al. 2005; Veronig et al. 2008; Schmidt, & Ofman 2010),
slow-mode wave model (Wills-Davey 2006; Wang et al.
2009), shock echo model (Mei et al. 2012b; Xie et al.
2019), and pseudo wave/field-line stretching model (De-
lanne´e & Aulanier 1999; Chen et al. 2002). According to
the field-line stretching model, EIT bright fronts are not
the real wave, but the plasma compression due to suc-
cessive stretching or opening of closed field lines driven
by an erupting flux rope. This model can resolve incon-
sistency of the propagating velocity between EIT and
Moreton waves, which also can answer the question of
why EIT waves often stop at magnetic separatrices.
In high temporal and spatial resolution observations,
it is found that more than one type of EUV waves exist
simultaneously during some erupting events. Slow and
fast EUV waves have been reported in some investiga-
tions (Harra & Sterling 2003; Liu et al. 2010; Chen &
Wu 2011; Shen, & Liu 2012). The slow EUV waves are
thought to be corresponding to historical EIT waves.
Chen & Wu (2011) found that a fast moving wave front
with a speed of 560 km s−1 existed ahead of an slow
wave with a speed of ∼ 190 km s−1 in a microflare event
on 2010 July 27. The fast EUV waves have been stud-
ied significantly since the launch of Solar Dynamic Ob-
servatory (SDO), which are thought to be shock waves
associated with chromospheric Moreton waves and fast-
MHD shock waves (Liu et al. 2010; Kozarev et al. 2011;
Ma et al. 2011; Asai et al. 2012; Francile et al. 2016).
Their velocities could be up to ∼ 1000 km s−1 (Kozarev
et al. 2011). Otherwise, they are bright fronts visible
in the EUV difference images except for 171 A˚ images,
which exhibit dark wavefronts in 171 A˚ images (Liu et
al. 2010; Ma et al. 2011). Despite decades of research,
it is quite rare to jointly capture the EUV and More-
ton waves. Therefore, it still need more evidences to
confirm whether the fast EUV waves are the counter-
part of Moreton wave in the corona and determine the
relationship between EUV and Moreton waves.
On the other hand, the excitation of these coronal
shock waves is another subject of long-lasting study and
debate. Two popular views on the origin of these shock
waves, have been proposed. One view is that CMEs
associated with filament eruption are considered as the
driver of these shock waves (Biesecker et al. 2002; Grech-
nev et al. 2011; Balasubramaniam et al. 2010; Uralov et
al. 2019). In this view, the coronal shock wave is consid-
ered to be generated by the combination of the projectile
effect and 3D piston, as the CME moves through the am-
bient plasma and expands its body in all directions. The
other view suggests that the shock waves are generated
by a pressure pulse in the flare region (Vrsˇnak, & Cliver
2008; Temmer et al. 2009; Cliver 2016). In this view,
the shock is created in a temporary piston generated by
the source region expansion caused by the flare energy
release. Vrsˇnak et al. (2006) identified a second coronal
wave behind the CME structure and concluded that the
wave was not driven or launched by the CME, but rather
by the flare. However, Biesecker et al. (2002) shown a
closely correlation between EUV waves and CMEs and
a significantly weak correlation between EUV waves and
flares by a large statistic studies of EUV wave observa-
tions. In the recent years, a lot of evidences have been
presented that favors CMEs over flares as the cause of
coronal waves (e.g., Hudson et al. 2003; Ma et al. 2011).
Still, the possibility that some waves are caused by flare-
associated pressure pulses cannot be ruled out. Up to
now, the origin of these shock waves is yet an open ques-
tion for understanding these large-scale globally pertur-
bations in the solar atmosphere.
In this paper, we will present the simultaneous obser-
vations of Moreton and EUV waves associated with a
small-scale filament eruption, and analyze the morphol-
ogy and the kinematics of the wave. Furthermore, we
also study the characteristics of the small-scale filament
before the eruption. The sections of this paper are or-
ganized as follows: the observations and methods are
described in Section 2, the results are presented in the
Section 3, and the summary and discussions are given
3in Section 4.
2. OBSERVATIONS AND DATA ANALYSIS
The data set are primarily from New Vacuum Solar
Telescope1 (NVST; Liu et al. 2014; Yan et al. 2019), At-
mospheric Imaging Assembly (AIA; Lemen et al. 2012)
onboard the SDO2 (Pesnell et al. 2012) and Global Os-
cillation Network Group (GONG) instruments3 (Harvey
et al. 1996, 2011) . The NVST is a vacuum solar tele-
scope with a 985 mm clear aperture, located at Fuxian
Lake, in Yunnan Province, China. It provides the simul-
taneously high-resolution imaging observations of pho-
tosphere (TiO 7058 A˚) and chromosphere (Hα 6562.8
A˚) to study the small-scale filament before the erup-
tion. The TiO images have a pixel size of 0.′′052 and
a cadence of 30 s. The Hα images include three pass-
bands: Hα blue-wing (-0.4 A˚), Hα center, and Hα red-
wing (+0.4 A˚), with a 45 s cadence and a spatial reso-
lution of 0.′′165 per pixel. The field of view (FOV) of
Hα images is 150′′× 150′′ while that of TiO images is
120′′× 100′′. These data are calibrated from Level 0 to
Level 1 with dark current subtracted and flat field cor-
rected, and then speckle masking method was used to
reconstruct the calibrated images from Level 1 to Level
1+ by the method described in Xiang et al. (2016).
The AIA instrument on SDO can provide seven si-
multaneous full-disk EUV images of the low corona and
transition region with a pixel spatial size of 0.′′6 and a
cadence of 12 s, which includes the channels centered
at 94 A˚, 131 A˚, 171 A˚, 193 A˚, 211 A˚, 304 A˚ and 335
A˚. We mainly use the channels of 211 A˚, 193 A˚, 171 A˚,
304 A˚ to study the characteristics of EUV wave. The
211 A˚ and 193 A˚ images are dominated by the Fe XIV
lines (logT∼6.3) and Fe XII lines (logT∼6.2) for active-
region observations, respectively. The 171 A˚ and 304
A˚ images are dominated by the Fe IX line (log T∼5.85)
and He II line (log T∼4.7) (Lemen et al. 2012). Full-disk
Hα images from six GONG stations are used to study
the Moreton wave. The spatial resolution of the Hα im-
ages is about 1′′ per pixel and the cadence is 1 minute.
Both of AIA/SDO EUV and GONG Hα images were
de-rotated to a reference time (04:59:04 UT) to trace
the interesting region due to the the Sun rotation and
correct for the displacement of coronal structures caused
by the differential rotation of the Sun. Otherwise, line-
of-sight (LOS) magnetic fields from the Helioseismic and
Magnetic Imager (HMI; Schou et al. 2012) onboard SDO
with a pixel spatial size of 0.′′5 and a cadence of 45 s,
1 http://fso.ynao.ac.cn
2 https://sdo.gsfc.nasa.gov
3 https://gong.nso.edu
continuum intensity images from Large Angle Spectro-
scopic Coronagraph onboard SOHO (LASCO/SOHO)
C2 (Brueckner et al. 1995) and soft X-ray 1-8 A˚ flux data
from Geostationary Operational Environmental Satel-
lite (GOES) are also utilized in this study.
3. RESULTS
3.1. a small-scale filament
On 2019 May 06, Active Region NOAA 12740 with
βδ/α magnetic configuration appeared at the north-
east of the Sun (N08E41), which comprised of a lead-
ing sunspot with negative polarities and complex dif-
fuse following positive polarities. Figs.1 (a)-(c) show
the images of Hα -0.4 A˚, Hα center, Hα +0.4 A˚ ob-
served by the NVST at around 04:46 UT before the
filament eruption, while panel (d) exhibits the corre-
sponding LOS magnetic field observed by HMI/SDO. A
small-scale filament could be discerned in the vicinity
of west side of the main leading sunspot (see in panels
(a)-(c)), which resided under the flickering filamentary
arcade. The small-scale filament consisted of two fila-
mentary structures marked by two white arrows in each
panels (a)-(c). Owing to the location of the region of
interest close to the solar limb, the LOS magnetic field
would be significantly influenced by the projection ef-
fect. Nevertheless, we also could distinguish that the
northern footpoint of filament inhabited at positive po-
larity while the southern footpoint rooted in the vicinity
of the negative polarity nearby the main sunspot.
Figure 1. The small-scale filament observed by NVST Hα
before the eruption. (a) Hα -0.4 A˚ image. (b) Hα center im-
age. (c) Hα +0.4 A˚ image. (d) Line of sight magnetic field
observed by SDO/HMI. White arrows in panels (a)-(c) in-
dicate the filamentary structures of the small-scale filament.
The field of view of Fig.2 is marked by the black box in the
panel (d).
4Fig.2 exhibits the evolution of the small-scale fila-
ment during the period from around 01:25 UT to 05:30
UT. Panels (a1)-(a5) and (b1)-(b5) are the low chro-
mospheric observations in Hα -0.4 A˚ and Hα +0.4 A˚,
respectively. Panels (c1)-(c5) and (d1)-(d5) are the cor-
responding photospheric observations of the TiO images
from NVST and LOS magnetograms from HMI/SDO,
respectively. At around 01:25 UT, the filament was diffi-
cult to distinguish due to the thick overlying filamentary
arcade or the filament inhabited too low to be observed
in the chromosphere. The interesting phenomenon was
found that an elongate dark lane had existed nearby the
polarity inversion line (PIL) (red lines in the panels (c1)-
(c5)) in the photosphere which was perpendicular to the
penumbral fibers instead of parallel to it (see panel (c1)).
It should notice that the PIL remained significant un-
certainty due to the projection effect in magnetic field.
This type elongate filamentary structure in general is
representation of the strong transverse magnetic field
(Otsuji et al. 2007; Zhang et al. 2018; Wang et al. 2018).
Therefore, we deduce that a flux tube with strong trans-
verse magnetic field lying on the position marked by the
blue arrow in the panel (c1). At around 02:39 UT, the
small-scale filament could be distinguished from the im-
ages of Hα blue and red wings (see panels (a2)&(b2)),
which was marked by the white arrow in each panel. At
around 03:42 UT, the small-scale filament became more
and more visible under the overlying arcade structures,
indicated by white arrows in panels (a3)&(b3). At the
meanwhile, the dark lane in the photosphere moved to-
ward solar south and became lighter, which was marked
by the blue arrow in the panel (c3). At around 04:39 UT,
the filament split into two elongate filamentary struc-
tures marked by two white arrows in panels (a4)&(b4),
while the dark lane on the photosphere kept on moving
down. On the other hand, the dark lane always located
in the northern of some small closed PILs (see panel
(c2)-(c4)). This means the dark lane was not associated
with the emergence of an other new dipole nearby some
small closed PILs. Based on the contours of TiO overlaid
on the Hα images (see panels (a4)&(b4)), we deduced
that the filament eventually rooted around the pore and
the dark lane marked by the red and blue arrows in the
panel (c4), respectively. Comparing the positions of the
pore and the dark lane, the filament’s footpoints sepa-
rated more and more farther away from each other be-
fore the filament eruption. After its eruption, this small-
scale filament was completely ejected and it disappeared
at around 05:30 UT (see panels (a5) & (b5)). The cor-
responding LOS magnetic fields are shown in the panels
(d1)-(d5). According to the profile of the asterisks in
bottom right of panel (d4), the negative flux inside the
yellow circle shown an increasing tendency. This means
that the negative flux generally enhanced at the south-
ern footpoint of the filament. This signal indicated that
flux emergence occurred in this place. Based on the
separation of the filament footpoint and the flux emer-
gence in the footpoint, we speculate that the small-scale
filament had experienced emerging and lifting process.
At the beginning, only a part of the flux tube exposed
and lain in the photosphere. The strong transverse mag-
netic field in the flux tube was observed as the dark lane
in the photosphere. As the flux tube lift up, the dark
lane became lighter and moved toward south. When the
top of flux tube entirely departed from the photosphere,
the dark lane would represent the footpoint of the flux
tube with strong transverse magnetic field in the photo-
sphere. As the flux tube kept lifting up, the small-scale
filament could be visible in the chromosphere and the
footpoints of the filament would move away from each
other. Due to the emergence of the flux tube, magnetic
flux in the photosphere also increased during this pro-
cess, which caused the enhancement of the magnetic flux
at the footpoint of the filament marked by the yellow
circle in the panel (d4).
Figure 2. Evolution of the small-scale filament before the
eruption. (a1)-(a5) Hα blue wing images (Hα -0.4 A˚). (b1)-
(b5) Hα red wing images (Hα +0.4 A˚). (c1)-(c5) TiO im-
ages observed by NVST. Red lines denote the PILs in the
photosphere. (d1)-(d5) Line of sight magnetic field from
SDO/HMI. The green contours in the panels (a4) and (b4)
is the contour of corresponding TiO image at 04:39:08 UT.
The red and blue contours in the panel (d1) are the mag-
netic field with the levels of 800, 100 and -100, -400, -800
G, respectively. The profile of red asterisks the panel (d4)
denotes the variation of negative magnetic flux inside the
yellow circle.
3.2. the eruption of the small-scale filament
As the small-scale filament rose up, the filament be-
came more visible and unstable. And then, the small-
scale filament start to erupt at around 05:05 UT (see
the animation of Fig.3). It triggered a M 1.0 flare and a
narrow CME. Fig.3 (a) shows the image of EUV 193 A˚
at 05:05:28 UT. Some brightenings marked by the red
5arrow were found in the vicinity of the filament. The
blue curve in upper right of the panel (a) is the varia-
tions of the GOES soft X-ray 1-8 A˚ flux. Three verti-
cal dashed red lines denote the onset, peak and end of
the flare, respectively. The flare started at 05:05 UT,
peaked at 05:10 UT and ended at 05:16 UT. This flare
lasted exceedingly short time, only about 11 minutes.
It should be a impulse-type or compact flare. This is
related to processes of the filament eruption. Panel (b)
shows the flare in 131 A˚ at peak time of 05:10 UT. We
use the intensity-weight of the flare region at this time
to determine the eruption center. The determined erup-
tion center (x=-728′′, y=174′′) is marked by the blue
asterisk in the panel (b). Panels (c1)-(c4) and (d1)-
(d4) show observations at different moments in Hα blue-
wing and Hα center, respectively. Before the eruption,
the filament resided under the overlying filamentary ar-
cades and had turned to more bending (see panels (c1),
(c2)&(d1)). Several brightenings had occurred nearby
the north part of the filament, which were marked by
the red circles in the panels (c2) & (d2). During the
eruption, the active filament lifted and interacted with
the overlying arcades. And then the filament was col-
lapsed and the materials were ejected along the mag-
netic field. After the eruption, the small-scale filament
was absent (see panels (c4)&(c4)). The more details can
be seen from the animation of Fig.3. The eruption pro-
cess would be alike the mechanism of the blowout-type
jet (Moore et al. 2010). Fig.4 shows the evolution of the
CME. At around 05:36 UT after about 30 minutes of
the eruption, a narrow CME with angle width 52 degree
was observed by LASCO/SOHO C2. The mean veloc-
ity of the CME was about 376 km s−1. An interesting
feature was found that some dark flowing structure ex-
perienced shrinking motion after the bright CME front
ejected out (see panels (c)&(d)). The material flow in
the corona is along the magnetic field. Therefore, it
means that the magnetic field should also experience
shrinking motion. More details was exhibited in the
animation of Fig.4. The impulse-type flare and shrink-
ing narrow CME may also manifested that the filament
erupted as the blowout-type jets (Duan et al. 2019).
3.3. Moreton wave and EUV wave
As the small-scale filament erupted, same accompa-
nied global perturbations including Moreton and EUV
waves could be discerned (see Figs.5 & 7). Fig.5 shows
the running-difference images of Hα from GONG in dif-
ferent moments. Due to 1 minute cadence of GONG
observation, the running-difference image of GONG was
derived from the current image subtracting the image 1
minute earlier. From Fig.5 and the animation of Fig.5,
an arc-shaped Moreton wave could be distinguished,
which originated from the flare site and propagated to-
Figure 3. The eruption process of the small-scale filament.
(a) SDO/AIA 193 A˚ image at 05:05:28 UT. The blue curve in
panel (a) depict the variation of soft X ray 1-8 A˚ fluxes from
GOES. Three vertical dashed red lines indicate the moments
of onset, peak and end of the flare. (b) SDO/AIA 131 A˚
image at 05:10:09 UT. The blue asterisk marks the eruption
center. (c1)-(c4) Hα -0.4 A˚ images observed by NVST. (d1)-
(d4) Hα center images observed by NVST. The black arrows
mark the filament structures.
Figure 4. The evolution of the CME observed by
LASCO/SOHO C2. (a)-(d) Running-difference images of
continuum intensity image.
wards solar north on the chromospheric disk. The blue
dashed curve line in the panel (d) depicts the wavefront
of the Moreton wave at 05:10:50 UT. We use the in-
tensity profiles technique (Liu et al. 2010; Francile et al.
2016) to determine the kinematic properties of the More-
ton wave, which new “north pole” is set at the eruption
center (x=-728′′, y=174′′). The intensity profile of the
sector was derived by averaging intensities of pixels in
the “corresponding latitudinal” direction, which was a
function of distance measured from the eruption center
along the “corresponding longitudinal” circle. The mea-
surement of the distance in this technique is corrected by
the sphericity of the solar atmosphere as the method in
Liu et al. (2010). The sector is drawn by the white solid
line in the panel (a) of Fig.6. The angle extent of the
6Figure 5. Evolution of Moreton wave observed by GONG.
(a)-(d) Hα running difference images. The black curves in
different panels indicate the solar limb. The blue dashed
arc-shaped line in the panel (d) marks the wavefront of the
Moreton wave at 05:10:50 UT. A animation of GONG Hα
running difference image is available.
sector is 25◦. Figs.6 (c)-(f) present the intensity profiles
along the sector derived by the Hα running-difference
image in different moments. The propagation of the
Moreton wave could be identified by peak and trough
signals, which marked by the blue and red arrows, re-
spectively. We use three proxies to derive the velocity
of the Moreton wave: onset of increase, peak (marked
by blue arrows), minimum of the trough (marked by red
arrows). The black asterisks, blue diamonds and red tri-
angles in Fig.6 (b) indicate the distances of these three
proxies as a function of time, respectively. On the other
hand, the linear fitting has been implemented on these
profiles of proxies. The dotted lines of different colors
in the panel (b) are the fitted lines of fitting different
proxies. According to the slope of these fitted lines,
the velocities of three proxies can be derived, which are
about 574.8 ± 20.6 km s−1, 625.2 ± 41.2 km s−1 and
635.3 ± 61.7 km s−1, respectively. The errors are esti-
mated as the standard error of fitting divided by time.
Therefore, the average velocity of the Moreton wave in
our study have been estimated to be about 611.8 ± 41.2
km s−1.
In the meanwhile, EUV wave also can be identified
by using SDO/AIA different passbands images. Fig.7
shows the EUV waves in running difference images of
193 A˚, 211 A˚, 304 A˚ and 171 A˚ at around 05:11 UT. The
EUV wavefront in 193 A˚, 211 A˚ and 304 A˚ passbands is
bright, while the one in 171 A˚ is dark. This mean that
the EUV wavefront enhanced the radiative intensity of
193 A˚, 211 A˚ and 304 A˚ but reduced the radiative inten-
sity of 171 A˚. This feature was also found by previous
Figure 6. (a) Hα running difference image at 05:10:50 UT.
The white fan-shape denotes the sector for Moreton wave.
(b) The distances of three proxies from the eruption center
as the function of time. The black asterisks, blue diamonds
and red triangles are represent the onset of increase, peak,
minimun of the trough in the intensity profiles of the sector
related to the Moreton wave, respectively. (c)-(f) The in-
tensity profiles of the sector in different moments. The blue
and red arrows mark the different signatures of the More-
ton wave. The vertical dotted line in panel (e) denotes the
wavefront position at 05:10:50 UT.
studies (Liu et al. 2010; Ma et al. 2011; Li & Zhang
2012). This feature suggests that the EUV wavefront
has heated the iron elements above the characteristic
temperature of the 171 A˚ passband. The 304 A˚ signa-
ture is faint while the signatures of 193 A˚ and 211 A˚ are
relatively distinct. We overlay the wavefront of More-
ton wave on the EUV wave images at almost the same
moment, which is presented by the blue dashed curve
in each panel of Fig.7. It is found that the EUV bright
wavefront in 304 A˚ showed a similar aspect with the
Moreton wavefront. However, EUV bright wavefronts
in 193 A˚, 211 A˚ and the dark wavefront in 171 A˚ were
in the front of the Moreton wavefront, which is similar
to the result presented by Vrsˇnak et al. (2002). The yel-
low curve in the bottom of each panel exhibits the varia-
tions of intensity of different passbands along the sector.
The wavefront distances (D) from the eruption center
in different passbands could be derived by using these
curves of running-difference intensity. The distance
where the curve or its derivative equals to zero nearby
the wavefront, represents the wavefront distance, which
is marked by the vertical line in each plot. We obtain
that D193(237 Mm) ∼ D211(236 Mm) > D171(221 Mm)
> D304(218 Mm), while DMoreton is about 214 (Mm)
at 05:10:50 (see the panel (e) of Fig.6). Combining the
analysis in the Appendix, when the wave almost propa-
gate along the path parallel to the solar limb, the error
7Figure 7. The signatures of EUV wave in different passband
at around 05:11 UT. (a) 193 A˚ running difference image. (b)
211 A˚ running difference image. (c) 304 A˚ running difference
image. (d) 171 A˚ running difference image. The blue dashed
arc-shape dashed lines indicate the corresponding Moreton
wavefront identified in the panel (d) of Fig.5. The white fan-
shape in panel (a) denotes the same sector as Moreton wave.
The yellow curves in the bottom right of different panels
show the variations of intensity of different passbands along
the sector. The horizontal dotted lines denote the zero level
of different intensity. The black curves in different panels
denote the solar limb.
caused by the measurement is tiny and can be negligible.
As is well known, different passbands images reveal the
information in different solar layer with different tem-
perature. Based on the demonstration in the Section 2,
the dominating temperature responses in different EUV
passbands is that: logT211(∼ 6.3) ∼ logT193(∼ 6.2) >
logT171(∼ 5.85) > logT304(∼ 4.7). In other words, the
height of the wavefronts observed by 211 A˚, 193 A˚ and
171 A˚ are higher than that of the wavefront observed
by 304 A˚ and Moreton wavefront. It is reasonable to
consider that the wavefront in different passbands just
show different aspects of one shock wave in different so-
lar atmosphere layers and the shock wave was slant in
the solar height direction. Therefore, the EUV wave and
Moreton wave would be caused by the same shock wave.
Fig.8 shows the evolution of the EUV wave in running-
difference images of 193 A˚. The EUV wave displayed a
similar characteristic behaviour with the Moreton wave,
which originated in the small-scale filament eruption site
and propagated toward the solar north. Many fascinat-
ing features could be found. At 05:12:40 UT, some parts
of the wave underwent refracting at the site marked by
the yellow arrow in the panel (b). When the wave went
through the place nearby the site marked by the yel-
low arrow, it became slower and changed its direction
of propagation toward the southwest of the Sun (see the
animation of Fig.8). Comparing the wavefronts before
Figure 8. Evolution of the EUV wave in 193 A˚ running
difference images. The yellow arrows indicate the evolution
of the refracted wave while the blue arrows mark the aspect
of the diffracted wave. The reflected wave can be identified
by the red arrows. The black curves in different panels depict
the solar limb. The yellow dashed line in panel (a) depicts
the wavefront before the wave refracted. The right yellow
dashed line in panel (h) depicts the wavefront after the wave
refracted and the other yellow dashed line is the same as the
one in panel (a). The blue dashed lines mark the diffracted
wave in panels (b)-(f).
refracted and after refracted marked in panel (h), the di-
rection of this part of the wave had changed a lot. The
yellow arrows in panels (b)-(h) mark the evolution of
this part of the wave and we define it as refracted wave.
At the other place, some parts of the wave underwent
diffracting, which was marked by the blue arrows in the
panel (b)-(f). These parts of the wave gradually changed
it wavefront direction marked by the blue dotted line in
panels (b)-(h) and we define it as diffracted wave. It
is reasonable to suspect that a specific coronal medium
would exist nearby the site marked by the yellow arrow
in the panel (b), which caused the wave diffracting. By
using PFSS extrapolation, we found that there was a
magnetic separtrix in there showing in the panel (c) of
Fig.11. At 05:13:52 UT, a wave propagating toward the
northeast direction appeared nearby the refracted wave,
marked by the red arrow in the panel (c). Red arrows
in panels (c)-(g) marked this wave propagation and we
name it as reflected wave. The blue, yellow, and red
arrows indicate the evolution of the diffracted, refracted
and reflected waves, respectively. These waves generally
fainted and disappeared after 05:23:04 UT. More details
in the evolution of the EUV wave would be displayed in
the animation of the Fig.8.
When the wave propagated freely in the quiet Sun
and did not effected by any specific coronal medium and
magnetic structure, it would show the natural character-
8istics of the EUV wave’s propagation and we name it as
unaffected wave. In order to determine the kinematic
characteristics of these waves (including unaffected, re-
fracted, reflected and diffracted waves), we make four
sectors: Sector A, Sector B, Sector C and Sector D.
Sector A and Sector C are set as the similar method
as the sector in the panel (a) of Fig.6, which the new
north pole is also set at the eruption center (x=-728′′,
y=174′′). The angular extent of Sector A is 10◦ while
the one of Sector C is 7 ◦. On the other hand, the Sector
B and Sector D are set to make it perpendicular to the
wavefronts of refracted and reflected waves, respectively.
It should keep in mind that coronal shock wavefronts are
observed as a line-of-sight integration of optically thin
emission and projection effects are involved in the signa-
tures of the wavefronts. In addition, the shock wave ob-
served by different passbands only represents the wave
disturbance in different temperature plasma response.
Therefore, we determine the dynamic characteristics of
the EUV wave by using the stack technique that the
measurement are corrected for spherical solar surface as
previous studies (Liu et al. 2010), which assumes that
all emission originates from the spherical solar surface
and would overestimate the measurements of po-
sition and speed of the signature at a constant
height according to the location of the wave (Liu,
& Ofman 2014). The detail analysis of error estimation
is given at Appendix.A. Each data point in stack plots
is the average of the pixels within a sector along a circu-
lar arc at the same “corresponding latitudinal”. Thus,
Sectors A, B, C, and D are utilized to analyze the kine-
matic properties of unaffected, refracted, reflected and
diffracted waves, respectively. Panels (b1)-(b4) of Fig.9
exhibit stack plots of running difference images in 171
A˚, 193 A˚, 211 A˚ and 304 A˚ along the Sector A, respec-
tively. The unaffected wave shown a similar tendency of
the propagation in different EUV passbands. The sig-
nature of this wavefront in 193 A˚ and 211 A˚ is more
distinct than the one in the other two passbands. Based
on the panels (b2) & (b3), this wave could propagate
away up to about 700 Mm far away from the eruption
center.
The results of the stack plots along Sectors B, C and D
have been depicted in Fig.10. Figs.10 (a1)-(a4) are the
stack plots of running difference images in 171 A˚, 193
A˚, 211 A˚ and 304 A˚ along the Sector B, while panels
(b1)-(b4) and (c1)-(c4) are the stack plots along Sectors
C and D, respectively. The wavefronts of refracted, re-
flected, and diffracted waves also shown corresponding
signatures in four EUV passbands, which traced along
the Sectors B, C and D. Alike the stack plots of Sector
A, the signatures in 193 A˚ and 211 A˚ are more dis-
tinct than the one in the other two passbands. As is
the exhibition of the stack plots (a1)-(a4) and (c1)-(c4),
Figure 9. (a) SDO/AAI 193 A˚ images at 05:14:16 UT. The
white dotted lines is the “corresponding longitude” of the
new solar coordinates system. Positions of the Sector A,
Sector B, Sector C and Sector D are marked by the black
arc-shape lines. The white solid line denotes the solar limb.
(a1)-(a4) The stack plots derived by the running difference
images in 171 A˚, 193 A˚, 211 A˚ and 304 A˚. The blue dashed
lines in different panels plot the slope of EUV signatures in
different passbands.
the refracted and diffracted waves showed a decelerating
profiles. This means the refracted and diffracted waves
underwent a decelerating propagation along Sectors B
and D. On the other hand, We can also distinctly iden-
tify the signatures of reflected wave in the 193 A˚, 211
A˚ and 304 A˚ stack plots, which is marked by the green
arrows in the panels (b2) - (b4). The velocity of the
reflected wave can be derived by the signature in panel
(b2), which is estimated to be about 241.1 ± 30.8 km
s−1.
In order to investigate the kinematic characteristics
of the unaffected, refracted, and diffracted waves in de-
tail, we meticulously identify the wavefronts along the
Sectors A, B and D. We use the stack plots derived
by the running difference image in 193 A˚ for analyz-
ing due to vivid signatures of different waves of 193 A˚
stack plots (see Fig.11 (b), (e) and (g)). We determine
the wave position by using the average position of the
beginning enhancement and the maximum of wave sig-
nature. As is shown in panel (d), every row in the stack
plot could determine a moment position of the wave by
using above method. Therefore, the whole propagat-
ing path of the wave can be derived by the whole stack
plot. The tracked propagating paths of unaffected, re-
fracted and diffracted waves are plotted in panels (b),
(e) and (g), respectively. It is found that these waves
propagated with deceleration with a non-constant rate.
Therefore, we use power-law function to fit their propa-
9Figure 10. The stack plots tracing the refracted and
diffracted waves a along the Sectors B, C and D. (a1)-(a4)
The stack plots along the Sector B derived by the running
difference images of 171 A˚, 193 A˚, 211 A˚ and 304 A˚, respec-
tively. (b1)-(b4) The stack plots along the Sector C derived
by the runnning-difference images of 171 A˚, 193 A˚, 211 A˚ and
304 A˚, respectively. The signature of reflected wave is
indicated by green arrows in panels (b2)-(b4). The blue
dashed line and blue text are the identified trace and the
velocity of reflected wave, respectively. (c1)-(c4) The stack
plots along the Sector D derived by the runnning difference
images of 171 A˚, 193 A˚, 211 A˚ and 304 A˚, respectively.
gating trajectories. The power-law is given by:
s(t) = c1(t− t0)κ + c2, (1)
where t0 is given an arbitrary value associated with the
initial time. As is well known, their speed and accel-
eration function are evaluate by the first and second
order differential function, respectively, which are fol-
lowing equations:
v(t) = c1κ(t− t0)κ−1, (2)
a(t) = c1κ(κ− 1)(t− t0)κ−2. (3)
Table 1 presents the results of the fitting described
above. The errors of parameters are the fitting errors.
On the other hand, according to the analysis in the
Appendix, we also corrected the fitting function
when considering the error of the overestima-
tion in the measurement. Unaffected wave exhib-
ited a smaller deceleration than the other two waves,
which is close to propagation with a constant speed.
According to the acceleration functions, the refracted
and diffracted waves underwent a decelerated propaga-
tion with a relative bigger deceleration rate. Using these
corrected analytic functions with time, the speed and de-
celeration of refracted or diffracted waves can be derived
at any moment. Table 2 shows the kinematic results
.
Figure 11. (a) The stack plot along Sector A by using 193
A˚ running difference image. (b) The identified position of
the unaffected wave. The blue line is the power-law fitting
profile. (c) SDO/AIA 171 A˚ image superimposed by the
extrapolated magnetic fields derived by the Potential Field
Solar Surface model. The white lines denote the magnetic
field lines. The background is SDO/AIA 171 A˚ image. The
yellow arrow marks the position of a magnetic separatrix.
(d) The stack plot along Sector B by using 193 A˚ running
difference image. The yellow dotted line indicates the path
of reflected wave. The yellow solid lines denote the intensi-
ties profiles at different sites as a function of time. (e) The
identified position of the refracted wave. The blue line is the
power-law fitting. (f) The stack plot along Sector C by using
193 A˚ running difference image. (g) The identified position
of the diffracted wave. The blue line is the line of power-law
fitting.
of different waves according to these corrected analytic
functions. Such as, at 5:15 UT (t = 5.25), the speed and
deceleration rate of unaffected wave were 538.3 ± 21.6
km s−1 and -0.35 ± 0.03 km s−2, while the ones of re-
fracted wave were 401.3 ± 18.3 km s−1 and -0.50 ± 0.04
km s−2 and the ones of diffracted wave were 381.2 ± 34.2
km s−1 and -0.37 ± 0.05 km s−2. At 5:18 UT (t = 5.30),
the speed and deceleration rate of unaffected wave were
488.3 ± 17.8 km s−1 and -0.22 ± 0.02 km s−2, while
the ones of refracted wave became 336.3 ± 13.9 km s−1
and -0.27 ± 0.02 km s−2 and the ones of diffracted wave
became 329.1 ± 27.4 km s−1 and -0.23 ± 0.03 km s−2.
Moreover, according the derived functions of unaffected
wave, the propagation speed of the EUV wave was about
686.1 ± 34.0 km s−1 at around 05:11 UT (t = 5.18). At
around this time, we have obtained that the propaga-
tion speed of Moreton wave was about 611.8 ± 41.2 km
s−1 (see the analysis of Moreton wave in this section).
Comparing with the propagation speeds of EUV wave
and Moreton at that moment, it can derived that unaf-
fected EUV wave propagated faster than Moreton wave.
Therefore, it is reasonable that the EUV wavefronts were
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in front of the Moreton wavefront at around 05:11 UT
(see Fig.7). Additionally, we also obtained the propa-
gation speed of EUV wave was about 591.0 ± 25.9 km
s−1 at around 05:13 UT when the reflected wave begin
to appear.
Table 1. Dynamic characteristics of different waves by using power-law fitting
unaffected wave refracted wave diffracted wave
s(t) (1509.0± 7.1) ∗ (t− 5.14)0.74±0.01 (956.7± 4.7) ∗ (t− 5.16)0.60±0.01 (1039.1± 13.2) ∗ (t− 5.12)0.55±0.02
+69.3± 1.5 +7.6± 4.6 −25.9± 7.2
corrected s(t) (1474.3± 6.9) ∗ (t− 5.14)0.74±0.01 (918.4± 4.5) ∗ (t− 5.16)0.60±0.01 (993.4± 12.6) ∗ (t− 5.12)0.55±0.02
+67.7± 1.5 +7.3± 4.4 −24.8± 6.9
corrected v(t) (1091.0± 19.8) ∗ (t− 5.14)−0.26±0.01 (551.0± 11.9) ∗ (t− 5.16)−0.40±0.01 (546.4± 26.8) ∗ (t− 5.12)−0.45±0.02
corrected a(t) (−283.7± 16.1) ∗ (t− 5.14)−1.26±0.01 (−220.4± 10.8) ∗ (t− 5.16)−1.40±0.01 (−245.9± 23.0) ∗ (t− 5.12)−1.45±0.02
Note—The unit of time is hour (h) while the one of distance is megameter (Mm)
Table 2. The kinematic results of different waves base on corrected functions.
Time unaffected wave refracted wave diffracted wave
(UT) speed acceleration speed acceleration speed acceleration
05:11 686.1 ± 34.0 -1.15 ± 0.10 * * * *
05:13 591.0 ± 25.9 -0.56 ± 0.04 483.0 ± 24.3 -0.95 ± 0.07 435.8 ± 41.6 -0.56 ± 0.08
05:15 538.3 ± 21.6 -0.35 ± 0.03 401.3 ± 18.3 -0.50 ± 0.04 381.2 ± 34.2 -0.37 ± 0.05
05:18 488.3 ± 17.8 -0.22 ± 0.02 336.3 ± 13.9 -0.27 ± 0.02 329.1 ± 27.4 -0.23 ± 0.03
05:25 423.4 ± 13.1 -0.11 ± 0.01 263.8 ± 9.3 -0.11 ± 0.01 * *
Note—The unit of speed is km s−1 while the one of acceleration is km s−2.
Fig.11 (c) exhibits the magnetic topological structures
derived from the potential field source surface (PFSS)
model (Altschuler, & Newkirk 1969; Schatten et al.
1969). We can find an intriguing feature that an inter-
face between two different magnetic systems (or mag-
netic separatrix) inhabit in the place marked by the yel-
low arrow in the panel (c) of Fig.11. We suspect this
magnetic separatrix is a key factor for the refracting,
reflecting and diffracting of the EUV wave. When the
EUV shock wave interacted with this magnetic separa-
trix, it would cause this EUV shock wave to refract, re-
flect and diffract. Influenced by the magnetic separatrix,
some parts of wave went through the magnetic separa-
trix with a larger deceleration and changed its direction
of propagation, while some parts of wave would be re-
flected by the magnetic separatrix. When the ambient
part of wave interacted with this magnetic separatrix,
it would cause this part of wave to diffract. Therefore,
the inhomogeneities of the coronal magnetic structure
would effect the propagation of the EUV wave.
4. SUMMARY AND DISCUSSION
In this paper, we study a small-scale filament by us-
ing high spatial resolution observations from NVST and
analyze some global wave-like perturbations (Moreton
and EUV waves) induced by this small-scale filament
eruption. The main results are as follows.
(1) A small-scale filament gradually appeared under
the filamentary arcade. Some elongate dark lanes or fil-
amentary structures on the photosphere became lighter
and moved toward south. Both of signatures demon-
strated that the small-scale filament experienced an
emerging and lifting motion.
(2) The small-scale filament eruption triggered a nar-
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row CME with angle width 52 degrees and mean propa-
gating speed of 376 km s−1. After the bright CME front
ejected out, the shrinking motion of the magnetic field
was found.
(3) The small-scale filament eruption simultaneously
induced the Moreton and EUV waves. The Moreton
wave propagated toward solar north with the speed of
∼ 611.8 ± 41.2 km s−1. The similar morphologies of
Moreton and EUV wave fronts in different passbands
were derived. Therefore, we conclude that Moreton wave
and EUV waves in different passbands are perturbations
in different layer triggered by the same shock wave.
(4) The EUV wave propagated with a non-constant
deceleration rate along an non-effected path in the
corona and the speed function was (1091.0 ± 19.8) ∗
(t−5.14)−0.26±0.01. At around 05:11 UT, the unaffected
EUV wave propagated with the speed of about 686.1 ±
34.0 km s−1, which was faster than Moreton wave of
611.8 ± 41.2 km s−2.
(5) The reflected, refracted and diffracted waves were
found during the propagation of the EUV wave. We ob-
tain the refracted wave propagating function of (918.4±
4.5)∗(t−5.16)0.60±0.01 and the diffracted wave propagat-
ing function of (993.4± 12.6) ∗ (t− 5.12)0.55±0.02. Using
the PFSS model extrapolation, a magnetic separatrix
was found nearby the position of reflected, refracted and
diffracted waves. Therefore, we consider the magnetic
separatrix should be responsible for causing the EUV
wave reflecting, refracting and diffracting.
The propagating direction of Moreton and EUV waves
was toward the solar north. This may be related to
the morphology of the small-scale filament eruption and
the existence of the large sunspot in the western of the
small-scale filament. The like blowout-type eruption of
the small-scale filament resulted in the ejected material
along the magnetic field lines from the large sunspot am-
bient to solar north. The magnetic field strength also
is decreasing from the large sunspot ambient to solar
north. Moreover, shock waves are always launched into
the direction away from the active region (e.g., War-
muth et al. 2004; Xue et al. 2013; Warmuth 2015). The
topology of these magnetic fields would set favorable
conditions for the propagation of a coronal magneto-
hydrodynamic shock wave along the magnetic field di-
rection. Furthermore, the strong magnetic pressure of
the sunspot probably restraint the waves propagating
toward southwestern (Uchida et al. 1973; Zhang et al.
2011). Therefore, under these situations, both Moreton
and EUV waves propagated in a restricted direction (to-
ward the solar north) instead of the symmetrical circle
expansion.
The joint observations of Moreton and EUV waves
are relatively rare. Since the SDO launched, only a few
Moreton and EUV waves could be simultaneous cap-
tured and studied. Asai et al. (2012) presented the si-
multaneous observation of an Hα Moreton wave, a corre-
sponding EUV fast coronal waves, and a slow and bright
EUV wave. They derived the almost equivalent propa-
gation speeds of the Moreton wave and the fast EUV
wave along the same path (760 km s−1 and 730 km
s−1). Using by very high cadence Hα observations from
the Halpha Solar Telescope for Argentina (HASTA) and
SDO observations, Francile et al. (2016) analyzed the
correlation between a Moreton wave and the EUV coro-
nal bright fronts occurring on 29 March 2014, and found
that the Moreton and 304 A˚ EUV waves displayed a sim-
ilar propagation with a non-constant deceleration. Us-
ing the data of the Flare Monitoring Telescope (FMT),
Cabezas et al. (2019) studied the same event as Francile
et al. (2016) and found that the downward motion of the
chromospheric material at the Moreton wave could be up
to 4 km s−1. Long et al. (2019) studied four homologous
global waves (including EUV and Moreton waves) origi-
nating from the same active region, and found the EUV
waves inhibited high initial velocity and strong decelera-
tion which exceeded those of the Moreton waves. In our
study, we also present the simultaneous observations of
the Moreton and EUV waves induced by a small-scale
filament eruption. We obtain the propagation speed of
Moreton wave is about 611.8 ± 41.2 km s−1 and that of
EUV wave is about 686.1 ± 34.0 km s−1 at the cor-
responding time. It is reasonable that wavefronts in
the EUV passbands propagated further distances than
the Moreton wave until around 05:11 UT (see Fig.7).
This is consistent with the results found by Vrsˇnak et
al. (2016), where the chromospheric perturbation lags
behind the transition-region and coronal perturbation
in their numerical simulation of coronal large-amplitude
wave. Therefore, we consider that different passbands
EUV and Moreton waves are the perturbation signals in
different layer induced by the same dome shock.
On the other hand, the EUV wave underwent reflect-
ing, refracting and diffracting when it went through a
magnetic separatrix. These features are strong indica-
tions for the true wave nature of the disturbances. And
these features are also consistent with numerical simu-
lations treating EUV wave as fast-mode shock waves,
which exhibits that the EUV wave would experience
strong refraction and deflection when it interacts with
active regions and coronal holes (Wang 2000; Wu et al.
2001; Ofman & Thompson 2002). Furthermore, we de-
rive the propagation speed of the EUV wave is about
400-700 km s−1, which is consistent with the propa-
gating speed of a fast-mode shock wave in the corona
(Gallagher & Long 2011; Warmuth 2015). Therefore,
we consider that the EUV wave in our study would be
a signal of a fast-mode shock wave instead of a pseudo
wave by successive stretching magnetic field lines (e.g.,
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Delanne´e & Aulanier 1999; Chen et al. 2002).
Previous studies also found that coronal bright fronts
propagated with a deceleration (e.g., Warmuth et al.
2005; Veronig et al. 2008; Xue et al. 2013; Francile et al.
2016). In our study, we have also found that the unaf-
fected coronal shock wave exhibited a deceleration prop-
agation with a decreasing rate. This is consistent with a
nonlinear fast-mode shock wave, where the propagation
speed of the shock wave in a homogeneous and isotropic
environment theoretically depends on the Mach num-
ber or waves amplitude (e.g., Priest 2014; Vrsˇnak et al.
2016). As the shock wave propagates, its amplitude de-
creases due to the geometric expansion of its front and
the fact that its leading edge is propagating faster than
the trailing edge. The amplitude decrease results in a
deceleration of the shock wave. Additionally, a power-
law fit is a better representation of the distance-time
curves of freely propagating shock waves (Warmuth, &
Mann 2011) according the the Sedov solution (Sedov
1959). On the other hand, we found the speed of the re-
flected wave (243.1 ± 30.8 km s−1) is much smaller than
the speed of the incident wave (which approximately
equals to the one of unaffected wave at around 05:13
UT: 591.0 ± 25.9 km s−1). In other words, the reflected
wave was slower than the primary wave. There may
be several possibilities for this feature. The primary
wave is a nonlinear wave or shock, which is propagating
with a Mach number larger than unity, while the re-
flected wave had changed to be a linear one traveling at
the characteristic speed (Liu, & Ofman 2014; Warmuth
2015). The reflected wave has to propagate in the rest
frame of flow field associated with the primary wave,
which may result in an apparently lower speed (Kien-
reich et al. 2013). Additionally, it may relate to the
properties of medium (magnetic separatrix) causing the
shock wave to reflect. The compressible magnetic sep-
aratrix may cause the decreasing of the reflected wave
speed, when the shock wave reacted with the magnetic
sparatrix. Moreover, it is interesting to find that the
refracted and diffracted wave underwent a deceleration
with bigger non-constant deceleration rate. We obtain
that their deceleration rate was decreasing with time,
which likes a damping motion. These phenomena would
help us to further understand the nature of the inter-
action between magneto-hydrodynamic shock wave and
local magnetic field.
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APPENDIX
A. ERROR ESTIMATIONS
In this study, we determine the dynamic characteristics of EUV wave by using the method as Liu et al. (2010). This
track techniques neglect heights of EUV waves by assuming that all emission originates from the spherical solar surface
and this measurement of distance was corrected by the sphericity of the solar photosphere. This method would cause
the overestimation in measurement of some parameters(e.g., distance, velocity). We will supply some error estimations
in the coming sections.
As Fig.A1 (a) shown, a coronal structure B in the height of ∆h above the solar surface, projects onto the solar
surface A observed by a observer on the Earth (E). We set new north pole at the disk center (D) and make AC =
d, AC ⊥ OE, OA = OD = R, OB = OF = R + ∆h, DE =1 AU. Defining θ = ∠AEO, we can get
∠AOC = arcsin( AC
OA
)
= arcsin(
d
R
), (A1)
OC =
√
OA2 −AC2
=
√
R2 − d2 (A2)
θ= arctan(
AC
CE
)
13
o E
(Earth)
A B
C D F
G
Sun
ᇱᇱ
ᇱ
o E
(Earth)
A B
C D F
G
Sun
ᇱᇱᇱ ᇱᇱ
o E
(Earth)
A B
C D F
G
Sun
ככ כ
(a)
(c)
(b)
Figure A1. Solid and dotted-dashed circles denote the Sun surface and constant height corona, respectively.
= arctan(
AC
CD + DE
)
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= arctan(
AC
OD−OC + DE)
= arctan(
d
R −
√
R2 − d2 + 1AU
). (A3)
We make OG ⊥ EG and get
OG = OE ∗ sin(∠AEO)
= (OD + DE) ∗ sin(∠AEO)
= (R + 1AU) ∗ sin(θ) (A4)
GE = OE ∗ cos(∠AEO)
= (R + 1AU) ∗ cos(θ) (A5)
GB =
√
OB2 −OG2
=
√
(R + ∆h)2 − [(R + 1AU) ∗ sin(θ)]2. (A6)
Then, we get
BE = GE−GB
= (R + 1AU) ∗ cos(θ)−
√
(R + ∆h)2 − [(R + 1AU) ∗ sin(θ)]2. (A7)
According to the law of sines, in the 4 BOE, we can get
OB
sin∠AEO =
BE
sin∠BOE (A8)
⇓
∠BOE = arcsin( BE
OB
∗ sin∠AEO). (A9)
Based on above equations, we can get
_
AD = OA ∗ ∠AOC
= R ∗ arcsin( d
R
) (A10)
_
BF = OB ∗ ∠BOE
= (R + ∆h) ∗ β, (A11)
where
β= arcsin{ (R + 1AU) ∗ cos(θ)−
√
(R + ∆h)2 − [(R + 1AU) ∗ sin(θ)]2
(R + ∆h)
∗ sin(θ)}
θ= arctan(
d
R −
√
R2 − d2 + 1AU
).
Firstly, if the EUV wave originally propagates along the “corresponding longitude” from B to B′ taking time of t,
which projects onto the solar surface from A to A′ (see Fig.A1 (a)), then the different distance (∆l′) could be expressed
as
∆l′= |
_
A′A −
_
B′B |
= |(
_
A′D −
_
AD)− (
_
B′F −
_
BF)|. (A12)
Assuming AC′ = d′, which similar to Eqs.A10 & A11, we can get
_
A′D = R ∗ arcsin( d
′
R
) (A13)
_
B′F = (R + ∆h) ∗ β′, (A14)
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where
β′= arcsin{ (R + 1AU) ∗ cos(θ
′)−√(R + ∆h)2 − [(R + 1AU) ∗ sin(θ′)]2
(R + ∆h)
∗ sin(θ′)}
θ′= arctan(
d′
R −
√
R2 − d ′2 + 1AU
).
On substituting Eqs.A10, A11, A13, A14 in Eq.A12, we obtain
∆l′= |R ∗ [arcsin( d
′
R
)− arcsin( d
R
)]− (R + ∆h) ∗ (β′ − β)|. (A15)
The error in velocity measurement would be
∆v′=
∆l′
t
=
∆l′
_
AA′
∗
_
AA′
t
=
∆l′
R ∗ [arcsin( d
′
R
)− arcsin( dR )]
∗ vobs, (A16)
where vobs is the velocity of observation. Here, R = 6.963×105 km, 1 AU = 1.4959787×108 km. On the other hand,
we assume that d′ = 0.8 R, d = 0, ∆h = 100 Mm (the typical EUV wave height range), which means that the EUV
wave propagate along the “corresponding longitude” from the disk center to the place at 0.8 R. According to the
Eqs.A15 & A16, we can get ∆l′ ≈29.5 Mm and ∆v′ ≈4.56% vobs. If d′ = 0.8 R, d = 0.6 R, we can get ∆l′ ≈20.8
Mm and ∆v′ ≈10.56% vobs. This means that the error is significant when the wave travels along the “corresponding
longitude”, especially near the solar limb.
Secondly, if the EUV wave initially propagates from B to B′′ along the “corresponding latitude”, taking time of
t, which projects onto the solar surface from A to A′′ (see Fig.A1 (b)), then the different distance (∆l′′) could be
expressed as
∆l′′= |
_
AA′′ −
_
BB′′ |
= |α ∗ (AC− BC′′)|
= |α ∗ [AC−OB ∗ sin(∠BOE)]|, (A17)
where α = ∠ACA′′ ≡ ∠BC′B′′. On substituting Eqs.A3, A7 & A9 in Eq.A17, we obtain
∆l′′= |α ∗ [d− (R + ∆h) ∗ sin(β)]|. (A18)
The error in velocity measurement would be
∆v′′=
∆l′′
t
=
∆l′′
_
AA′′
∗
_
AA′′
t
=
∆l′′
α ∗ d ∗ vobs. (A19)
We also assume some parameters that α = pi6 , d = 0.8 R, ∆h = 100 Mm. According to the Eqs.A18 & A19, we can
get ∆l′′ ≈ 0.3 Mm and ∆v′′ ≈ 0.10% vobs. If α = pi2 , d = 0.8 R, ∆h = 100 Mm, we can get ∆l′′ ≈ 0.89 Mm and
∆v′′ ≈ 0.10% vobs. Therefore, when the wave travels along the “corresponding latitude”, the error in the measurement
is tiny.
Thirdly, for more reality, if the EUV wave propagates through both “corresponding longitude” and “corresponding
latitude” from B to B∗, which projects onto the solar surface from A to A∗ (see Fig.A1 (c)), then the different distance
(∆l) could be expressed as
∆l = |
_
AA∗ −
_
BB∗ |. (A20)
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We set that AC∗ = d′. A∗ and A′ are at the same “corresponding latitude” cycle while B∗ and B′ are the same
“corresponding latitude” cycle. According to the Haversine Formula, we can get
_
AA∗≈R ∗ arccos{1− 2[haversin(ϕ2 − ϕ1) + cos(ϕ1)cos(ϕ2)haversin(α)]}
≈R ∗ arccos{cos[arcsin( d
′
R
)− arcsin( d
R
)]− d ∗ d
′
R2
[1− cos(α)]}
_
BB∗≈ (R + ∆h) ∗ arccos{1− 2[haversin(Φ2 − Φ1) + cos(Φ1)cos(Φ2)haversin(α)]}
≈ (R + ∆h) ∗ arccos{cos(β′ − β)− sin(β′) sin(β)[1− cos(α)]} (A21)
where
ϕ1 =
pi
2
− arcsin( d
R
),
ϕ2 =
pi
2
− arcsin( d
′
R
),
Φ1 =
pi
2
− ∠BOE,
=
pi
2
− β,
Φ2 =
pi
2
− ∠B′OE,
=
pi
2
− β′,
haversin(λ) = sin2(
λ
2
),
=
1− cos(λ)
2
.
Additionally,
β= arcsin{ (R + 1AU) ∗ cos(θ)−
√
(R + ∆h)2 − [(R + 1AU) ∗ sin(θ)]2
(R + ∆h)
∗ sin(θ)}
β′= arcsin{ (R + 1AU) ∗ cos(θ
′)−√(R + ∆h)2 − [(R + 1AU) ∗ sin(θ′)]2
(R + ∆h)
∗ sin(θ′)}
θ= arctan(
d
R −
√
R2 − d2 + 1AU
)
θ′= arctan(
d′
R −
√
R2 − d ′2 + 1AU
).
The error in velocity measurement would be
∆v=
∆l
t
=
∆l
_
AA∗
∗
_
AA∗
t
=
∆l
R ∗ arccos{cos[arcsin( d
′
R
)− arcsin( dR )]− d∗d
′
R2
[1− cos(α)]}
∗ vobs. (A22)
According to above equations, we can find that the the error in the measurement is related to α, d, d′, ∆h. The main
error comes from the first part (∆l′). Based on our study event, for Sector A, we assume that α = pi2 ∗ 89 , d = 0.8
R, d′ = 0.9 R, ∆h = 100 Mm. According to the Eqs.A20 & A22, we can get ∆v ≈ 2.3% vobs. If we assume that
∆h = 50 Mm (about half of the typical EUV wave height range), we can obtain ∆v ≈ 1.4% vobs. For Sector B, we
assume that α = pi2 ∗ 69 , d = 0.8 R, d′ = 0.4 R, ∆= 100 Mm, we get ∆v ≈ 4.0% vobs. For Sector D, we assume that
17
α = pi2 ∗ 89 , d = 0.8 R, d′ = 0.2 R, ∆= 100 Mm, we get ∆v ≈ 4.4% vobs. It should take notice that these errors are
the overestimation errors in the measurement.
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